Abstract-The material properties and device characteristics of copper-induced polysilicon thin-film transistors (TFTs) are investigated herein. In preparation of polysilicon through copper-induced lateral crystallization, it was found that the growth rate of copperinduced polysilicon is approximately 4-14 times faster than that of Ni-induced polysilicon and the grain size is 10-20 times smaller. The nucleation mechanism induced by copper is the normal phase transition of accumulated thermal effect while that induced by Ni is the migration of NiSi 2 . The Cu-induced poly-Si TFT exhibits a field effect mobility of 24 cm 2 V-sec, a threshold voltage of 6.6 V, and a subthreshold swing of 3.26 V/decade at a drain voltage DS = 10 V.
I. INTRODUCTION
A NY INCREASE of the size or the resolution of liquid crystal display (LCD) means a decrease of charging time for each pixel, and that leads to the requirement of enlarging the ON current of the thin-film transistor (TFT). The ON current of the TFT can be enhanced by increasing either the channel width (W) to channel length (L) ratio or the field effect mobility. By increasing the channel width, the ON current will increase, but the overlap capacitance increases simultaneously. Reducing the channel length, the mask alignment gets more difficult because an overlap between gate and source/drain electrodes is needed to reduce the series resistance. Therefore, increasing the field-effect mobility of TFTs seems to be a better choice to solve the problem. It is believed that the electrical properties of the TFTs can be improved if the grain size of the poly-Si was enlarged [1] . Solid phase crystallization (SPC) of amorphous silicon is a technique for fabricating polysilicon TFTs [2] . Low-temperature (typically below 600 C) polycrystalline silicon (poly-Si) has become a hot topic because of its compatibility with glass substrate [3] . The SPC used to be processed in furnaces or rapid thermal annealing equipment. However, the thermal budget of the process tends to exceed the limit imposed by the glass substrate. The problem remained unsolved until it was recently found that amorphous silicon (a-Si) could be crystallized by the catalytic effect of some metals [4] . Metal-induced lateral crystallization (MILC) was thus introduced. When certain metals are put into contact with the amorphous silicon, the crystallization temperature dramatically decreases. Russel et al. observed that the crystallization of a-Si/Cu occurred at about 485 C [5] .
Hayzelden et al. discovered that the NiSi catalyst acts as a nucleation seed and amorphous silicon can be crystallized by migration of NiSi at temperature lower than 500 C [6] . In this paper, the properties of the MIC polysilicons of various metals, i.e., Cu, Ni, Co, Cr, and so on, will be studied and analyzed by optical microscope, Raman spectroscopy, transmission electron microscopy (TEM), and transmission electron diffraction (TED) patterns. The top-gated poly-Si TFT fabricated by copper-induced lateral crystallization is described.
II. EXPERIMENTS
The fabrication procedure of MILC polysilicons is as follows. First, a Corning 7059 glass substrate was patterned with photoresist and coated with 8-nm-thick metal by e-gun evaporation (FULINTEC FU-12CE) (the metal pattern formed by the lift-off process). Second, the 80-nm-thick hydrogenated amorphous silicon (a-Si:H) films were deposited on Corning 7059 glass substrate by plasma-enhanced chemical vapor deposition (PECVD) at 250 C. Finally, the samples were annealed at 550 C to crystallize a-Si:H. The crystallization must proceed as follows: 1) load samples at 200 C, maintain the temperature for 15 min; 2) increase the temperature to 550 C at the rate of 1 C and keep the samples at 550 C for 1-20 h; and 3) then lower the temperature to 200 C at a cooling rate of 10 C . So the fabrication procedure of the copper-induced polysilicon TFTs is as follows. First, 8-nm-thick copper was deposited by e-gun evaporation on 7059 glass substrate over a photoresist mask through a lift-off process. Next, a 54-nm-thick intrinsic a-Si:H film and 15-nm n -type a-Si:H film are deposited on the Corning 7059 glass substrate by (PECVD) at 250 C. After PECVD, the n -type a-Si:H layer was patterned and etched by RIE to define the conducting channel of the TFT, and then the samples were mesa etched by RIE to define the device region and channel width. They were then annealed at 550 C for 20 h to fully crystallize the channel region with the temperature ramp rate set to 1 C . Then 150-nm oxide was deposited at 550 C as the gate insulator by low-pressure chemical vapor deposition (LPCVD) (ASM LB35), the contact holes defined by lithography and etched by RIE, and then hydrogen plasma was used to passivate the poly-grain boundaries and the Si SiO interface for 4 h. Finally, the 250-nm Al was evaporated and patterned to form the source, drain, and gate electrodes of the TFT. The structure of the TFT is depicted in Fig. 1 . 
III. RESULTS AND DISCUSSION
Various metals, such as Ni, Cu, Fe, Ti, Al, Cr, and Co, were tried out to enhance polysilicon crystallization. Fig. 2 (a) and (b) are the Raman spectra and enlarged view of different metal-induced crystallization of polysilicon. They show that the Raman spectra display peak position at 518.7 cm (TO phonon mode for crystalline Si) for Ni, 517.3 cm for Cu, and 480 cm (TO phonon mode for amorphous Si) for other metal-induced poly-Si films. In other words, only Cu and Ni induce polysilicon under such preparation conditions; all the others induce amorphous silicons. Fig. 3(a) shows the optical microscope picture of nickel-enhanced lateral crystallization of polysilicon after annealing at 550 C for 20 h. Because the refractive indexes of a-Si and poly-Si are different, poly-Si and a-Si are easily distinguished by their shade(light gray for poly-Si and the darker region for a-Si) under the optical microscopy. This is also confirmed by Raman scattering measurement. The growth rate of lateral crystallization is about 1.3-1.6 m per hour. Fig. 3(b) and (c) are the optical microscope pictures of copper-induced lateral crystallization of polysilicon after annealing at 550 C for 1 and 10 h, respectively. Measuring the length of the discolored region divided by time shows that the growth rate of lateral crystallization is about 20 m per hour for 1 h of annealing and about 6 m per hour for 10 h of annealing. It is about 4-14 times faster than that of nickel MILC poly-Si.
The mechanism of MILC by Ni is that the catalyst acts as a nucleation seed and the amorphous silicon is crystallized through the migration of NiSi [6] . When the temperature is high enough, the NiSi begins to diffuse in all directions from the Ni pattern. This phenomenon is displayed in Fig. 3(a) . On the other hand, the poly-Si induced by Cu does not grow in all directions. Fig. 3(d) shows that the poly-Si grows where a neighboring Cu stripe (within 100 m in distance) exists, as the arrows point out. The sample is processed as usual and annealed at 550 C for 1 h, and it shows us that the poly-Si formation mechanism in Cu-induced lateral crystallization is different from that of Ni-induced lateral crystallization. Also, if the distance between two copper patterns were too big, i.e., 100 m, the lateral crystallization of poly-Si would not occur. The shape of the copper pattern also affects the growth rate. It is proposed that the latent heat released after crystallization of a-Si and heat conduction pattern may be key factors in the formation of poly-Si.
After the copper silicide has formed at the Cu-a-Si interface, the latent heat gradually transforms the a-Si film right on top of the Cu bars into poly-Si, and then the heat will diffuse from there. Fig. 4 shows the process of Cu-enhanced poly-Si formation. When two Cu stripes are close enough, the heat accumulated from each other will lead to a heat density (temperature) high enough to activate the phase transition from a-Si into poly-Si. If two copper patterns are too far away, the heat density near the Cu stripe will not be enough to continuously covert the a-Si into poly-Si and the growth of poly-Si will stop, as shown in Fig. 3(d) . In a word, when the annealing temperature is 550 C, the Cu silicide will form and act as a catalyst to transform a-Si into poly-Si, and further release the latent heat. But the Cu silicide apparently does not migrate as NiSi does. Therefore, the only way to activate phase transition from a-Si to poly-Si is to provide enough local heat. This is why a neighboring heat source (latent heat) is necessary. Fig. 5(a) shows another type of Cu pattern used to fabricate a poly-TFT. The a-Si film with underlying Cu pattern was annealed at 550 C for 20 h. The shaded part around the darkest Cu pattern is poly-Si, the medium gray part is the channel region defined by lithography and etched by RIE with before annealing, and the rest (light gray region) is amorphous silicon. It is very clear that there is no poly-Si in the region with plasma etching. This is so because: 1) the film in the etched channel is too thin, about 30-40 nm, compared with the 69-nm i-n a-Si layer on top of the Cu pattern, and the channel is damaged by , and it is difficult for the heat to go through the channel region and 2) the latent heat released from one single Cu stripe is not enough to continuously induce the lateral growth of poly-Si. Fig. 5(b) shows the a-Si island defined by lithography with two underlying Cu bars (shaded region), the central white channel region is etched by RIE with gas and then annealed at 550 C for 20 h. The shaded region and Cu bars is poly-Si, and the white channel region turns out to be poly-Si as well. The differences in color are due to different thicknesses. In Fig. 5(c) , the lighter gray part is poly-Si, and the darker gray part is amorphous Si. Apparently, the lateral crystallization of poly-Si occurs although there exists only one underlying Cu bar. Reviewing Fig. 5(a)-(c) , we may conclude that, when the a-Si film is mesa-etched to an island, the latent heat generated on the top of Cu pattern will diffuse to the surroundings and bounce back and forth from the island boundaries. The heat thus accumulated in the island apparently is enough to cause phase transition from a-Si to poly-Si, and the poly-Si grows laterally even when there is only one Cu bar. The island boundaries are equivalent to image heat sources. The observation strongly support our proposition that the mechanism for lateral growth of Cu-induced poly-Si is simply the traditional phase transition from a-Si to poly-Si when enough heat is summed up to overcome the activation barrier for phase transition. It also explains why the growth rate of Cu-induced poly-Si is faster than that of the NiSi , i.e., heat propagates much faster than the NiSi seeds migrate. Fig. 6(a)-(c) shows the TEM bright field, the TEM dark field, and the TED pattern of nickel-induced polysilicon, respectively. The thickness of the film is 80 nm and the thickness of nickel is 8 nm. The crystallization is performed by furnace anneal at 550 C for 20 h. The average polysilicon grain size is about 1 m. Fig. 7(a)-(c) show the TEM bright field, theTEM dark field, and the TED pattern of copper-induced polysilicon, respectively. The specimen was prepared through the same process and the a-Si was also annealed at 550 C for 20 h. The average polysicon grain size is about 0.05 m. The small grain size indicates that the lateral crystallization of Cu-induced poly-Si is indeed a thermal-induced phase transition that is basically a random process and it is very different from that of Ni-induced poly-Si.
Characteristics of the drain current versus the drain voltage of the device are shown in Fig. 8(a) . The width/length ratio of the devices is 20 m/20 m. Fig. 8(b) shows the transfer curves of the TFT with and 10 V, and the -ON/OFF current ratio can be figured out herein. The relation between the square root of and of the TFT biased in the saturation region is shown in Fig. 8(c) . The field-effect mobility 24 cm V-s can be obtained by evaluating the slope and the threshold voltage 6.6 V obtained from the intercept of the axis. The subthreshold swing is 3.26 V/decade and the OFF voltage is V at V as shown. One way to further improve the device performance is to enlarge the grain size of the poly-Si. For example, we can use NiCu alloy to optimize the growth rate and grain size of the poly-Si. 
IV. CONCLUSION
Various metals, i.e., Ni, Cu, Fe, Ti, Al, Cr, and Co, were tried out in the enhancement of polysilicon crystallization. But Raman spectroscopy indicates that only Cu and Ni can induce lateral crystallization of polysilicon in the defined thermal annealing conditions.
The lateral growth rates of poly-Si induced by Ni and Cu are about 1.3-1.6 m per hour and 6-20 m per hour, respectively. The latter is about 4-14 times faster than the former. The mechanism of Cu-induced polysilicon crystallization is demonstrated to be the phase transition from a-Si to poly-Si by supplying enough heat to the local region. Cu bar could induce a-Si to form Cu silicide at 550 C, however, the heat diffused to the surroundings is not enough to transform a-Si into poly-Si unless close-by (100 m) are other heat sources, i.e., another Cu bar or image sources provided by island boundaries. Here lies the reason why the growth rate of Cu-induced poly-Si is faster than that of Ni-induced poly-Si, i.e., the heat propagates much faster than the NiSi seeds migrate.
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